Prediction of flow field and thermal environment in the gap is crucial to the design of hypersonic vehicle thermal protection system. The compressible Navier-Stokes equation is solved to study the flow field and aerodynamic heating in the gap. The effect of inflow parameter on the aerodynamic heating is analyzed. The results show that there are vortex motions in the gap. The heat transfer in the gap mainly depends on the convection in the top region. The heat flux along the gap wall distributes in U-shape, and at the outlet of the gap is highest, which is the key point in the thermal protection design. As the angle of attack increases, the number of vortices will decrease gradually, and wall heat flux will increase, especially at the gap exit. The research results provide references for the design and optimization of thermal protection system.
Introduction
Aircraft will be subjected to severe aerodynamic thermal load in hypersonic environment [1, 2] . The thermal protection system (TPS) is designed to protect the aircraft from damage due to excessive temperature. Accurate aerothermal load prediction is the premise and foundation of TPS design [3, 4] . Due to structural requirements, the gaps are designed on the surface of aircraft. For instance, the gap between the ceramic heat-resistant tiles is needed to meet the needs of thermal expansion. Gaps between the tiles may change the flow state of air outside the aircraft. The vortex involves a lot of heat into the gap, which increases the heat flux along the gap wall. In addition, due to the small width of gap and slow radiation heat dissipation, the temperature of the gap wall will be higher, which may lead to material ablation [5] [6] [7] . Therefore, it is important to study the flow field and thermal environment in the gap for design of TPS.
Relevant scholars have carried out a series of researches to understand of flow field and aerodynamic heating in the gap. References [8] [9] [10] used numerical method to model the flow in the gap, and the flow field distribution was analysed. Li W analysed the vortex structure in the gap, and studied the influence of the gap on the sound field [11] . Leite considered the influence of thermochemical nonequilibrium, analysed the influence of gap on the flow field [12] . Paolicchi used numerical method to simulate the flow field in the gap, and the influence of width-depth ratio on the heat flux and pressure of the gap wall was analysed [13] . Huang H analysed the influence of geometrical shape on the aerothermal environment. It was concluded that the number of vortices in the gap was mainly determined by the width-depth ratio when the inflow conditions were unchanged [14, 15] . Leite established the model of flow field in the gap by numerical method, studied the influence of inflow parameters on the flow field [16] . Huang J used the fluid-solid coupling method to establish the model between the flow field and gap structure, and the influence of coupling on the flow field and structure was analysed [17] . In summary, most of the researches mainly focus on the flow field in the gap, while the reason of heat flux distribution has not been paid enough attention.
In this paper, a numerical method is used to solve the compressible Navier-Stokes equation for the gap flow model. The gap flow field and distribution of heat flux are analysed. Considering the effect of vortices, the reasons for heat flux distribution can be better understood. Finally, the influence of inflow parameters on the aerodynamic heat in the gap is studied.
Governing Equations
The compressible Navier-Stokes equation without considering the external heat source, can be written in Cartesian coordinates as follow:
Q is the conservative variable. E and F are the inviscid fluxes in x and y directions respectively. v E and v F are the viscous fluxes in
x and y directions respectively.
Where, u and v are the velocities in x and y directions respectively. p and  are the pressure and density of gas, respectively. e is the energy of unit mass gas. u is the viscous coefficient.
The gas state equation is as follow:
Where, Ma is the Mach number, =1.4  .
Model of Gap Flow

Geometric Model of the Gap
The gap on a flat plate is selected to study the flow field and aerodynamic heating in hypersonic environment. As shown in Figure 1 , the gas is blown from the left to the right on the flat plate. The upstream length of the gap L 1 =0.08m, the downstream length of the gap L 2 =0.04m, the width of the gap W=0.002m, the depth of the gap H=0.008m, and the height of the computational domain L 3 =0.04m. The inflow conditions used for the numerical simulations are as follows: the temperature is 300 K, the pressure is 5529 Pa, the Mach number is 5, and the angle of attack is 0°.
252 Figure 1 . Geometry of the gap.
Numerical Model of the Gap
The calorically perfect gas model is adopted, and two-dimensional compressible Navier-Stokes equation is solved in the computational domain. The k   standard turbulence model is used. The outlet of the computational region is the far field boundary, and set the wall temperature to 300K under non-slip isothermal wall condition. Fluent is used to calculate the flow field and aerodynamic heating in the gap. The numerical model of the gap is shown in Figure 2 . 
Results and Discussion
Gap Flow Field and Heat Flux Distribution
There is a close relation between the flow field and aerodynamic heating. Figure 3 shows the contours of pressure, density, Mach number and temperature in the gap. It can be seen that the gas in the boundary layer will separate and expand into the gap. However, due to the small width of the gap, the separated gas can't expand to the deeper area, and collide into the back wall, forming a reverse flow. The reverse flow returns to the front wall, and then the flow downstream again, repeating the previous one. At the same time, due to the vortex, the energy of gas inside and outside the gap is exchanged. Then, the second and the third vortices will be formed in the gap, and finally there are four vortices in the gap. Figure 3 (d) shows that only the temperature at the entrance of the gap rises. Along the depth of the gap, the energy transfer decays rapidly. Therefore, it can be considered that the heat transfer in the gap is mainly convection near the entrance of the gap. The heat flux is an important parameter for studying the aerothermal environment in the gap. Figure 4 shows the velocity distribution along the centre line of the gap and the distribution of heat fluxes along front and back wall. There is an over-hot spot at the outlet of the gap due to the shock wave, where the heat flux is 470000W/m 2 . The velocity of the vortex decreases rapidly along the gap depth. The velocity at the bottom of the first vortex is 188.8m/s. In the first vortex, heat flux is 55000W/m 2 on the front wall of the gap. This is because the first vortex forces the flow to separate on the back wall and attach to the front wall at a higher velocity. As a result, the heat flux along the back wall decreases and along the front wall rises. In the second vortex, the velocity of flow at the bottom is 59.1 m/s, and the heat flux is 15700 W/m 2 on the back wall of the gap. By analogy, the wall heat flux distribution will show a wave-like downward trend as the influence of the vortex. Figure 5 shows the heat flux distribution along the gap wall. The coordinate along the gap wall is established. It can be seen that the gap heat flux distribution is basically U-shaped. At the entrance of the gap, the heat flux on the wall decreases rapidly along the depth. As the existence of vortices, there are high aerodynamic heating areas in the gap. The heat flux in most areas is low, especially near the bottom of the gap, which means that bottom of the gap is not the focus in the design of thermal protection. There is a high over-hot spot at the outlet of the gap, which is caused by the interaction of boundary layer and vortex motion, and it is the key part for thermal protection. 
Effect of Angle of Attack on Gap Flow Field
The angle of attack is 0°, 10°, 20° and 30° respectively, and the other parameters remain unchanged. Figure 6 and 7 show the contours of Mach number and temperature in the gap at different angles of attack. As the angle of attack increases, the number of vortices decreases and the temperature in the gap rises. This is because that as the angle of attack increases, shock wave outside the gap gradually strengthens. The stronger the shock wave is, the higher the pressure and temperature are. The pressure gradient near the gap increases, which leads to the enhancement of the vorticity and then increasing of the temperature in the gap. Therefore, as the angle of attack increases, the heat from outside into the gap increases, and the temperature in the gap rises. Figure 8 shows the heat flux distribution in the gap wall at different angles of attack. As the angle of attack increases, the position of the high aerodynamic heating moves and the value of aerodynamic heating in the gap increases. This is due to the change of the vortex shape in the gap. (1) There are vortex motions in the gap, and the vortex involves heat into the gap. The flow velocity in most regions of the gap is low, and the flow near the bottom of the gap is almost static. The heat transfer in the gap mainly depends on the convection in the top region of the gap.
(2) The distribution of heat flux in the gap is in U-shape. The aerodynamic heating load at the gap exit is the largest, which is the key point in the design of thermal protection. The aerodynamic heating load decreases gradually along the gap depth.
(3) As the angle of attack increases, the number of vortices in the gap decreases, and the heat flux on the wall increases, especially at the gap exit.
The research results provide references for the design and optimization of thermal protection system.
